Abstract. This contribution is aimed to show the main results recently obtained by our group in the framework of the COST Plasma and Ion Surface Engineering (PISE) ACTION 515. Two plasmamodification processes are briefly described, namely: the deposition of thin SiOxCyHz gas-barrier coatings on polyethylenetherephtalate and the modification of polyethylene aimed to the surface-immobilization of anti-thrombotic molecules. Particular attention is devoted to describe how the two processes can be controlled by means of plasma-and surface-diagnostic techniques.
Introduction
Non-equilibrium plasma techniques such as the deposition of thin organic or inorganic coatings (PE-CVD, Plasma Enhanced Chemical Vapour Deposition) and PlasmaTreatments (PT) of polymers (grafting and/or crosslinking processes aimed to alter the topmost layer of materials) lead to unconventional, new, surfaces extremely effectual in different fields [1, 2] .
Plasma-techniques are well established surface engineering tools for semiconductor industries and, particularly, for microelectronics, where plasma-etching processes are the core of the production cycles of Very Large Scale Integrated (VLSI) circuits [3] . Other technological fields approached more recently plasma-processes. PE-CVD processes are utilized for synthesizing corrosion protection layers on metals and metallized plastics, non fouling coatings on sensors, lenses, and biomedical devices, anti-scratch coatings on plastic optics, gas-barrier films on polymers for food and pharmaceutical packaging, organic blood-compatible coatings on vascular prostheses, catheters, and biomedical devices. PT processes, on the other hand, can be utilized for activating the surface of polymers in different applications and enhance their adhesion to evaporated/sputtered metal layers, inks and dyes, cells or other biological moyeties. PTs are also used for
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a e-mail: favia@area.ba.cnr.it cleaning and sterilizing surgical tools, as well as for modifying the surface of textiles and paper. Many other applications are possible for PE-CVD and PT processes, all with the possibility of modifying the surface chemistry and properties of materials in a predetermined fashion at room temperature with no change of bulk properties. Further, plasma-processes show very high versatility; very often, in fact, the same class of processes can be utilized for completely different applications.
Process control by means of a combined use of plasma and surface diagnostic techniques, supported by well established reactor-engineering criteria, is crucial for understanding PE-CVD and PTs at a microscopic level, as well as for reproducing, transferring and scaling-up processes [4, 5] . Among many others, the distribution density of the active species in a plasma is probably the most important of the internal parameters to be kept under control and driven for tailoring surface modifications at chemical level. Among plasma-diagnostics, although on a semi-quantitative basis, Actinometric Optical Emission Spectroscopy (AOES) allows to obtain the relative density trends of emitting species eventually involved in plasmaprocess, as a function of an experimental parameter, as well as those of electrons of different energies. Provided that the electron impact is the main excitation channel for the species under scrutiny, and their excitation crosssections and energy thresholds satisfy other conditions, the density of the light-emitting species X is proportional to their emission intensity divided by that of an actinometer, an inert gas (Ar, He, sometimes N 2 ) added in small, constant amount to the discharge [6] [7] [8] [9] . The addition of more than one actinometer, each characterized by a different energy threshold, allows to probe electron density changes at different energies. Since the emission intensity of each actinometer can be assumed proportional to the density of electrons with energy higher than their excitation thresholds, in case the trends of the actinometer intensities coincide as a function of the experimental parameter under investigation, actinometry can be applied also to species (i.e. radicals) with thresholds far from those of the actinometers. From the experimental point of view, the flow rate of the actinometer(s) is set at a sufficiently low value in order to assume that no modifications are introduced in the plasma; this is controlled by checking whether the additive(s) induces emission intensity changes of the species X in the discharge. A Jarrel Ash (1 m focal length) and a Jobin Yvon HR320 (0.32 m focal lenght, Optical Multichannel Analyzer) monochromators have been utilized to collect VIS-UV radiations emitted from RF Glow Discharges. A quartz optical fiber has been utilized in some cases. The density n X of the species X can be expressed with equation (1), where k includes the density of the actinometer and I X , I act are the emission intensities of the species X and of the actinometer:
AOES has been successfully utilized by our group for investigating homogeneous and heterogeneous kinetics in many processes, resulting extremely useful and versatile in proposing simplified chemical mechanisms and pointing out to the role played by the species revealed. Further, it allows in situ, non intrusive control of plasma-processes, which could be easily applied in industry. Radiofrequency (13.56 MHz) Glow Discharges are utilized in our laboratory for modifying the surface of polymers by means of PE-CVD and PTs. Most of the processes investigated, like the deposition of gas-barrier coatings from gas feeds of organic Si-containing compounds (organosilicons) with O 2 , and the activation of polymers for surface-immobilizing anti-thrombotic, blood compatible molecules, briefly described below, are of actual or potential practical application. Other processes under scrutiny are the deposition of hydrophobic fluoropolymer coatings, that of polyethylene oxide (PEO)-like non-fouling films and Plasma Treatments of polymers for enhancing their adhesion to thin metal layers.
A multi-diagnostic approach is utilized for investigating plasma-processes in detail and ascertaining their surface-modification mechanisms. AOES is mainly utilized for studying the fragmentation of the feed and the distribution of the active species in the plasma, while Electron Spectroscopy for Chemical Analysis (ESCA), Fourier Transformed Infra Red (FT-IR) Spectroscopy and Water Contact Angle (WCA) measurements are used for probing the chemistry of the plasma-processed surfaces. Specific properties like the gas transmission rate (GTR) for coatings designed to function as gas-barrier layers, or the blood-coagulation time for immobilized anti-thrombotic molecules, are measured and correlated with the plasma parameters of the process with the goal of achieving the highest possible process optimization and control 
Process control in PE-CVD of gas-barrier films
Organosilicon-O 2 mixtures are widely utilized in PE-CVD of thin films designed for different uses, such as anti-scratch protective coatings on CR-39 ophthalmic lenses [10, 11] gas-vapor barrier films for packaging [12] , corrosion protection layers [13] , biomaterial coatings [14] , and dielectric layers in microelectronics. SiO 2 -like and Ccontaining silicone-like thin films are required in these applications and can be both provided with PE-CVD. Although SiO 2 -like thin films can be deposited from SiH 4 -based feeds too, the use of organosilicons is by far preferred because of their cheapness, ease to handle, and safety. A great number of organosilicons are utilized for both research and industrial production, like hexamethyldisiloxane (HMDSO), tetraethoxysilane (TEOS), tetramethyldisiloxane (TMDSO), hexamethyldisilazane (HMDSN). In our work HMDSO-O 2 and HMDSN-O 2 mixtures have been utilized to feed RF Glow Discharges performed at high power density, i.e. under high monomer fragmentation conditions, in a parallel plate reactor. Silicon and 12 µm thick polyethylenetherephtalate (PET) used in food packaging have been used as substrates. ESCA has been used for investigating the surface composition of the films, and AOES as plasma-phase diagnostic technique. The gas transmission rate to O 2 and H 2 O vapour (WV) of PET substrates coated (500Å) with films of different compositions has been evaluated by means of a MOCOM permeameter.
The results reported here deal with both monomers. It is interesting to notice that the relative density trends of the emitting species produced in plasma and the composition of the deposits as a function of the O 2 -tomonomer feed ratio are almost independent on the particular monomer used. An important achievement is that AOES monitoring of the discharge has allowed to develop an in situ control of the process. The relative density of the CH radicals produced in plasma, which can be easily controlled via AOES, in fact, has been found to be a key practical process parameter, in that it is directly correlated with the organic character of the coatings, and with their final barrier properties [15, 16] , as it will be shown.
ESCA atomic compositions of films deposited from HMDSO-O 2 and HMDSN-O 2 feeds are plotted in Figures 1a and 1b, respectively, as a function of the O 2 -to-monomer ratio. For both monomers increasing the O 2 feed content causes a depletion of the organic character of the films, while their Si-atoms percent remains almost constant. This happens most likely because the organic Si-containing film precursors produced in the plasma are replaced by SiO precursors upon O 2 addition to the feed. It is to be stressed that these trends agrees with the findings of other authors [17, 18] but, in our case, are strongly supported by a relevant qualitative agreement with the diagnostics of the plasma-phase, as it will be shown.
The O 2 and WV GTR values of plasma-coated 12 µm PET substrates are reported in Figures 2a and 2b , respectively. It is evident that the GTR properties are independent on the monomer; in both cases, in fact, GTR sharply decreases with the O 2 feed ratio. At high (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) ratios, excellent diffusion barrier layers with SiO 2 -like stoichiometry are obtained, with O 2 GTR values lower than 0.5 cc m −2 day atm for 500Å thick films. FT-IR investigations revealed the absence of Si-OH groups in highbarrier films immediately after the deposition, as well as after about 2 months of aging in the atmosphere. This is most likely due to the fact that, when O 2 -rich feeds and high RF power density conditions are utilized, materials with highly cross linked structure, thus low-to-none aging behaviour, are deposited.
Gas phase diagnostics
We have utilized AOES with Ar and He (excitation thresholds of 13.5 and 23.0 eV, respectively) as actinometers, for probing electrons at very different energies. Using two actinometers with very different excitation thresholds could not, in principle, rule out the effects of excitation channels different from the direct electron impact from ground state [7, 8] ; nevertheless, it allows to check whether AOES can be safely applied for emitting species X with very different excitation thresholds. Whenever the emission trends of both Ar and He coincide as a function of a plasma parameter, as in our case for both the O 2 -tomonomer feed ratios, it can be stated that the parameter does only change the plasma-density of electrons with no relevant effects on the energy distribution function, thus the intensity ratios I X /I Ar(He) can be safely assumed to be proportional to the density of the species X in the ground state, whatever their excitation thresholds are.
In Figure 3 , the actinometric density trends of the species detected in O 2 -HMDSN mixtures are plotted as a function of O 2 -to-HMDSN feed ratio; almost the same trends have been observed when HMDSO is utilized. Albeit the trend of H-atoms could not, in effect, represent real densities (other chemical excitation channels are also possible for H-atoms), an overall view of Figure 3 leads to a clear picture of the reactions occurring in the plasma phase. The rapid increase of CO and the concurrent decrease of C-atoms and CH radicals relative densities denote that CO (eventually CO 2 ) are formed through reactions of the monomer and its C-containing fragments with O-atoms (and/or excited O 2 molecules). Si-atoms and SiO radicals are also characterized by opposite profiles, most probably for the same reason. SiO fragments are produced by gas phase reactions consuming Si-atoms and Si-containing organic fragments; the production of SiO radicals through heterogeneous reactions can, in fact, be decisively ruled out, since SiO emissions are absent when a "dirty" reactor, i.e. severely contaminated with thick silicone-like layers deposited with the sole monomer as feed, is exposed to O 2 -Ar discharges. This evidence undoubtedly confirms that also in HMDSO(HMDSN)/O 2 discharges the contribution of heterogeneous reactions to the production of SiO radicals is negligible.
The main consideration to be drawn from Figures 1  and 3 is the agreement between the increasing trends of O-atoms of the film and those of the SiO radicals in the plasma, as well as between the decreasing profiles of the Catoms in the solid phase and those of C-containing (C and CH) fragments detected in the gas phase. In other words, a qualitative evaluation of the film stoichiometry can be performed in situ by monitoring the plasma composition with AOES.
Process control of gas barrier films
When the carbon content in the film is plotted as a function of any of the two emission intensity ratios, I CH /I Ar or I C /I Ar , at any power, pressure and feed ratio utilized, and whichever of the two monomers is used, a linear correlation is found. It is here important to stress that the carbon content of the material, as well as the CH and C density in the plasma (C and CH AOES trends are similar) do not depend on pressure and RF power; only the feed ratio appreciably affects the composition of the plasma phase, thus that of the film. This means that, at least in our high monomer fragmentation conditions, the carbon content of the growing films can be predicted during the deposition by means of simple AOES control of either CH radicals or C-atoms. Actinometry can thus be employed in order to perform an in situ control of the film stoichiometry by simply adjusting the feed ratio to keep the C-containing radicals density, i.e. the I CH /I Ar (I C /I Ar ) emission ratio, constant at a predetermined value. The actinometric ratio can be also utilized to control directly in situ the GTR properties of the coating; a direct example of the importance of the correlations between AOES data and film properties for industrial applications is given in Figure 4 , where O 2 and WV GTR of 12 µm (HMDSN-O 2 ) plasma coated PET substrates are shown to be linearly correlated to the AOES parameter I CH /I Ar . In other words:
Equation (2) defines the relationship between plasma composition, film composition and film GTR, and solves the problem of a reliable and accurate process control. On these authors opinion this is the first example in the literature of in situ monitoring of the most important practical parameter for barrier films. From the practical point of view, the actinometric trend of CH radicals can be utilized as a chemical test parameter to check in situ the barrier properties of the films. When high monomer fragmentation conditions are utilized, the organic character of the films is a key, probably the only, parameter that determines their barrier properties. At this moment the reason for the carbon content affecting the GTR is not fully clear yet; probably it influences the crosslinking degree of the material, hence its gas solubility.
Plasma-processes for immobilizing anti-thrombotic molecules
The immobilization of biomolecules onto non-biological materials like polymers, textiles, ad so on is becoming a leading technology in many fields as immunochemical essays, biosensors, bioreactors, artificial organs, biomaterials, and others [19, 20] . Providing surfaces with proper functional groups to be utilized as "anchor sites" is crucial for immobilizing antibodies, enzymes, proteins, drugs and blood-compatible molecules. PE-CVD and PT processes, among many methods, are able to provide biomaterial surfaces with functional site groups where biomolecules can be bond in an active form [21] [22] [23] . Such plasma-processes can be applied in continuo to substrates of complex shapes like tubes, webs and fibers; further, once the process chemistry and the influence of the internal parameters is fully understood, they can be scaled-up to industrial size, reliability and throughput. Surface immobilization methods generally include the synthesis of a covalent bond between the biomolecule and the activated surface, in order to obtain durable, biologically active surfaces. Often, a "spacer arm" molecule is utilized as a leash between the surface and the biomolecule, in order to guarantee conformational freedom, thus biological activity [20] .
In our laboratory, polyethylene (PE) has been plasmaprocessed in RF Glow Discharges fed with H 2 O/O 2 /H 2 mixtures or acrylic acid (AA) vapors in order to provide PE with surface -COOH groups. Both processes have been investigated with AOES, for the plasma-phase, ESCA and WCA techniques for the surface [24, 25] . Particularly, an interesting correlation has been found between the density of the -COOH groups in the plasma-deposited AA layer and the relative density of CO molecules produced in the plasma, which could easily allow to control in situ the deposition process. A bis-amine spacer molecule has been attached to plasma-processed PE by one amine side, and to an anti-thrombotic molecule by the other side, through the formation of amide bonds. The immobilization steps have been controlled with ESCA analysis. PE substrates with heparin and highly-sulphated hyaluronic acid immobilized in active, anti-thrombotic form have been obtained in this way, which have been shown to elongate the blood coagulation time, measured with a thrombine formation time test, respect to bare PE.
Grafting of -COOH groups onto polyethylene
PE substrates have been either plasma-treated in H 2 O/O 2 /H 2 RF Glow Discharges, or plasma-coated with a thin film deposited from RF Glow Discharges fed with AA vapors. Two Pyrex tubular reactors in a parallelplate configuration have been utilized; Ar and He have been added to the feed for actinometry. The substrates (100 µm thick PE) have been processed on both-side onto the ground electrodes of the reactors. Experimental conditions like feed flow rate, pressure, RF power, substrate position in the reactor (glow vs. afterglow), discharge time and feed ratio (for H 2 O/O 2 /H 2 discharges) have been optimized in order to obtain the highest enrichment level of -COOH groups onto PE surfaces. AOES analysis and ESCA measurements, supported by derivatization of the -COOH groups with trifluoroethanol, have been utilized as plasma and surface diagnostics, respectively, to reach this goal.
H 2 O/O 2 /H 2 RF Glow Discharge treatments of PE result in the etching of the polymer, with production of CO and CO 2 molecules among other volatile products. O-and H-atoms have been revealed with AOES, along with OHradicals; CO excited molecules are revealed too when PE is exposed to the plasma, and CH-radicals when O 2 /H 2 or H 2 O/H 2 feeds are utilized. The actinometric density trends of these species have been obtained [26] ; in particular, it has been found that the etching rate R etch of the polymer, investigated for O 2 /H 2 and H 2 O/H 2 discharges, is correlated with the AOES density trends of both Oatoms and OH radicals, with a simple first-order kinetic mechanism, described by equation (3), where O-atoms are the most reactive etchants (k1 > k2).
The surface of PE plasma-treated in H 2 O/O 2 /H 2 RF Glow Discharges remains characterized by a contaminated not reproducible, weakly bound, water-soluble boundary layer of oxidized surface chains and Low Molecular Weight Oxidized Molecules (LMWOM) [27] as a consequence of the etching process, which makes difficult to reproduce surface analysis. Once PE treated surfaces are rinsed in distilled water, almost independently on the treatment conditions, the ESCA C1s spectrum shown in Figure 5 is detected. ESCA spectra and derivatization experiments attest in any case the presence of -COOH groups (peak component C3 in Fig 5) available for the immobilization reaction of the spacer molecule, as well as of practically all other possible oxygen-containing groups. PE-CVD from AA vapors resulted more easy to be controlled for dosing the surface density of -COOH groups onto PE, respect to H 2 O/O 2 /H 2 plasma treatments. It has been found, in fact, that films deposited at different power show a different surface -COOH group density, as attested by ESCA results and derivatization experiments, with the higher density obtained when low monomer fragmentation conditions (i.e. low RF power, high pressure, etc.) are utilized. Figure 6 shows the C1s signals of two plasma AA-coated PE substrates; it is evident that the coating deposited at a low power value shows a more intense C3 peak component, which -COOH contributes to, respect to the coating deposited at higher power. As it will be shown, this behaviour is due to the higher fragmentation level of acrylic acid obtained in the plasma when RF power is increased, which results in a low degree of monomer structure retention of the coating, i.e. in a coating with a lower amount of -COOH groups.
H-atoms have been detected in the AA plasma with AOES, along with CH radicals and CO excited molecules. The actinometric density trends of these species have been obtained. CO molecules, particularly, whose detection can be assumed as measure of the fragmentation degree of acrylic acid in the plasma, have been found to be simply correlated with the surface density of -COOH groups, represented by the relative area of the C3 peak in the C1s ESCA signal of the AA-film (the higher the relative plasma density of CO, the lower the surface density of -COOH groups). Figure 7 displays this correlation [28] which represents an other example on how simply actinometry can be utilized to investigate plasma processes, and a possible method of in situ process control.
Immobilization of heparin and highly sulphated hyaluronic acid
Heparin (Hep) and highly sulphated hyaluronic acid (HyalS x , x = 3.5), two anti-thrombotic previously molecules [29] , have been immobilized onto PE surface enriched with -COOH groups, as mentioned previously. O,O' bis (2-aminopropyl) polyethyleneglycol 500,
and 1,2-diamine ethane ( 2 HNCH 2 CH 2 NH 2 ), two diamine molecules, have been utilized as spacers to immobilize heparin and HyalS 3.5 onto plasma-modified PE. The spacers have been coupled to the -COOH groups of Hep/HyalS 3.5 with one amine side and to those plasma-grafted onto PE, or present in the AA plasma-deposited coating, with the other amine side, through formation of amide bonds. Both-side plasma-processed PE substrates have been first reacted with the spacer, then with Hep/HyalS 3.5 . Both reactions have been carried on in water solutions of morpholine-ethane-sulphonate buffer (pH = 5-6) for 24 h at 4
• C; 1-(3-dimethyl aminopropyl)-3-ethylcarbodiimide, a water-soluble carbodiimmide, has been utilized as coupling agent.
ESCA analysis supported with derivatization reactions of -NH2 groups [30] has confirmed that the spacers are immobilized on PE by one amine side only, leaving the other available to react in the right -NH 2 form. The immobilization of the biomolecule, in a form that could be described as in Figure 8 , has been confirmed by detecting S atoms with ESCA. Work is in progress in order to quantitatively evaluate the efficiency of the immobilization.
PE substrates with Hep/HyalS 3.5 immobilized have shown remarkable blood anti-coagulant activity, which could possibly be exploited in surface engineering of cardiovascular devices and prostheses. Their thrombine formation time, in fact, have been found about 50% increased respect to untreated polyethylene and polystyrene (control); further, it has been found that platelets scarcely adhere onto such surfaces, and show almost no activation [25] .
Conclusion
PE-CVD processes aimed to deposit gas barrier coatings on PET and plasma-modification processes of PE for surface-immobilizing anti-thrombotic molecules have been described, with particular attention to the analysis of the plasma-phase obtained with the use of actinometry. In both processes it has been shown how simply actinometry can be used to correlate the features of the process in the plasma with the properties of the modified surfaces. The results shown in this paper have been obtained in the framework of the COST Plasma and Ion Surface Engineering (PISE) ACTION 515.
